Introduction
The luminescent properties of cationic iridium(III) complexes of the type [Ir(C^N) 2 
(N^N)]
+ in which C^N is a cyclometallating ligand (e.g. the conjugate base of 2-phenylpyridine, Hppy) and N^N is 2,2′-bipyridine (bpy) or a derivative thereof have inspired their use as the ionic-transition metal complex (iTMC) component in light-emitting electrochemical cells (LECs). 1, 2 In [Ir(C^N) 2 (N^N)] + cations, the character of the highest occupied molecular orbital (HOMO) is a combination of iridium dπ and C^N ligand orbitals, while the lowest unoccupied molecular orbital (LUMO) is localized on the N^N ligand. This localization of orbital character allows the energies of the HOMO and LUMO (and hence the HOMO-LUMO gap), and thus the emission colour, to be tuned by judicious choice of substituents on the C^N and/or N^N ligands. 2 While an ability to colour-tune the emission of the iTMC is essential to its application in a LEC, achieving a long-lived device is also crucial. We have approached the latter by designing [Ir(C^N) 2 (N^N)] + complexes in which there are inter-ligand π-stacking interactions. [3] [4] [5] [6] The introduction of an aryl substituent into the 6-position of the bpy ligand results in the evolution of an intramolecular face-to-face π-interaction between the aryl ring and the phenyl ring of one of the C^N ligands. 3, [7] [8] [9] [10] A LEC incorporating the iTMC [Ir( ppy) 2 -(6-Phbpy)] + ( Fig. 1, 6 -Phbp = 6-phenyl-2,2′-bipyridine) exhibits a device lifetime of more than 3000 hours at an average luminance of 200 cd m −2 (driving voltage of 3 V), 3 and this is attributed to the formation of a cage-like arrangement of ligands that prevents expansion of the coordination sphere in the excited state, thereby inhibiting attack at the iridium centre by water with subsequent quenching. Since our initial report of this effect, 3 N^N ligands with pendant 6-substituted aryl groups have become a standard design feature of our iTMCs. [11] [12] [13] [14] [15] Interestingly, modifying the substitution pattern of the bpy ligand to permit two π-stacking interactions within the coordination sphere does not further enhance the device lifetime. 16 In contrast to the wide range of bpy-or substituted bpycontaining [Ir(C^N) 2 6 ] emits at 632 nm in MeCN at room temperature, and at 615 nm in a solid film. 17 No structural data are available for these compounds, and a search of the Cambridge Structural Database 18 (v. 5.34 with November 2012 updates, using Conquest v. 1.15 19 ) reveals no structures of complexes containing an {Ir( ppy) 2 (tpy)}-unit. The preferred octahedral geometry of iridium(III) should dictate a bidentate mode for the tpy ligand in [Ir(C^N) 2 (tpy)] + cations, leaving a pendant pyridine ring that can engage in a face-to-face π-interaction analogous to that shown for the phenyl rings in Fig. 1 . In this paper, we describe a series of [Ir( ppy) 2 23 To achieve a smaller HOMO-LUMO gap and a longer wavelength emission, the HOMO should be destabilized and/or the LUMO stabilized. 2 In the first series of complexes discussed here, the C^N ligand is maintained as [ ppy] − , leading to an effectively constant HOMO level. The energy of the LUMO may be lowered by introducing electron-withdrawing substituents into the N^N ligand or extending the π-conjugation in the latter. The N^N ligands (Scheme 1) selected for this study were the parent tpy, ligands 1-4 which contain an extended π-system and a remote electron-withdrawing group, and 4′-pyridyl-2,2′:6′,2″-terpyridine ( pytpy) in which the π-system extends to the additional pyridine ring. For [Ir(C^N) 2 
Experimental
General 1 H and 13 C NMR spectra were recorded using a Bruker Avance III-500 NMR spectrometer at 295 K unless otherwise stated; chemical shifts were referenced to residual solvent peaks with respect to δ(TMS) = 0 ppm. Electrospray ionization (ESI) mass spectra were recorded on a Bruker esquire 3000 plus instrument.
Solution absorption and emission spectra were recorded on an Agilent 8453 spectrophotometer and a Shimadzu RF-5301 PC spectrofluorometer, respectively. A Shimadzu 8400S instrument with Golden Gate accessory (solid samples) was used to record FT-IR spectra. Quantum yields were measured using a Hamamatsu absolute PL quantum yield spectrometer C11347 Quantaurus-QY. 4 Cl 2 ] (107.6 mg, 0.100 mmol) and pytpy (62.4 mg, 0.201 mmol) in MeOH (15 mL) was heated in a microwave reactor for 30 min at 120°C (P = 14 bar). The red solution was then cooled to room temperature, and an excess of solid NH 4 PF 6 was added. The mixture was stirred for 1 h at room temperature, and the precipitate that formed was separated by filtration and washed with water (3 × 25 mL) and Et 2 O (3 × 25 mL). The product was dissolved in CH 2 Cl 2 -MeOH and overlayered with n-hexane to give a red solid. This process was repeated, and the solid was then washed with Et 2 O. [Ir( ppy) 2 Table 1 .
Device preparation
The solvents were supplied by Aldrich. The thickness of films was determined using an Ambios XP-1 profilometer. ITOcoated glass plates (15 Ω □ −1 ) were patterned by conventional photolithography (http://www.naranjosubstrates.com) and substrates were cleaned by sonication in water-soap, water, and 2-propanol baths, in that order. After drying, the substrates were placed in a UV-ozone cleaner (Jelight 42-220) for 20 min. To prepare the electroluminescence devices, an 80 nm layer of PEDOT : PSS (CLEVIOS ™ P VP AI 4083, aqueous dispersion, with an Edwards Auto500 evaporator integrated into the glovebox. The area of the device was 6.5 mm 2 . The devices were not encapsulated and were characterized inside the glovebox at room temperature.
LEC characterization
Electroluminescence spectra were recorded using an Avantes fibre-optics photo-spectrometer Avaspec-2048. Device lifetimes were measured by applying pulsed currents and monitoring the voltage or current and luminance by a True Colour Sensor MAZeT (MTCSiCT Sensor) with a Botest OLT OLED LifetimeTest System (for AC measurements) and a Keithley 2400 source meter and a photodiode coupled to a Keithley 6485 picometer using a Minolta LS100 to calibrate the photocurrent (for DC measurements).
Results and discussion
Syntheses of complexes and solution mass spectrometric and NMR spectroscopic characterizations 6 ] with N^N = tpy, pytpy and ligands 1-4 appeared to be similar to one another and a representative example is shown in Fig. 2 (Fig. 2) . The second significant difference (2) 55.632 (4) 14.5443 (10) 10.2803 (4) 17.615 (3) 10.5213 (11) 14.7612 (10) 12.4470 (4) 18.315 (2) 34.013 (2) 19.8943 (14) 33.7717 (12) α, β, γ/°85.763(12) (2) 12.7713 (7) 10.8170 (7) 9.0099 (16) 18.025 (4) 21.4055 (16) 13.5418 (8) 14.026 (3) 21.629 (4) 12.8079 (8) 14.6844 (9) 20.222 (5) α, β, γ/°88.86 (3) 90 94.081 (2) 101.420 (16) 82.15 (3) 94.874 (5) 100.297 (2) 96.000 (16) 81.97 (3) 90 103.316 (2) 99.536 (14) U/Å (Fig. 3) . The parameters that define the π-interactions are given in Table 2 and confirm efficient contacts. 36 With the exception of [Ir( ppy) 2 (4)] + , the tpy domain in the cation adopts a cis,cisconformation. The cis-arrangement of one pair of pyridine rings is necessitated by the chelating mode of the ligand. The cis-arrangement of the middle and pendant pyridine rings is a consequence of an intramolecular CH⋯N hydrogen bond. Fig. 4a shows the interaction in [Ir( ppy) 2 (tpy)] + , and hydrogen bond parameters for analogous contacts in the four complexes are listed in Table 3 . and the non-coordinated pyridine ring of the tpy domain is twisted with respect to the two coordinated rings to facilitate an intra-cation π-interaction (Fig. 5) The absorption and emission spectra of iron(II), ruthenium(II), osmium(II) and iridium(III) complexes containing pytpy ligands can be dramatically affected by protonation or methylation of the pendant pyridyl substituents. 37, 38 We therefore prepared the N-methylated complex [Ir(dmppz) 2 cation, and gives Ir-C and Ir-N bond distances. † The structural determination confirms that the N-atoms of the cyclometallated ligands are mutually trans, and that the noncoordinated pyridine ring of the tpy unit twists through 78.2°, enabling it to engage in a π-stacking interaction with one of the cyclometallated phenyl rings (Fig. 6a) ; the angle between the ring planes is 8.4°, and the inter-centroid separation is 3.44 Å (both values are similar to those in [Ir(dmppz) 2 Fig. 5 and 6a ). The N-methyl- pyridinio unit is directed into the V-shaped cavity formed by two of the cyclometallating ligands of an adjacent cation, and is involved in close CH Me ⋯π contacts (the shortest CH⋯centroid distances are 2.68 and 2.84 Å). This results in the assembly of chains (Fig. 6b ) that run obliquely through the unit cell.
Electrochemistry
The iridium(III) complexes are all electrochemically active and Table 4 summarizes their redox behaviour. Each complex undergoes a quasi-reversible (Fig. S10 †) or irreversible oxidation, assigned to an iridium-based process. is consistent with the increase in overall positive charge on the complex. At least one ligand-based reduction is observed for each complex. These processes are expected to be based on the tpy domain since the LUMO of the complex is localized on the N^N ligand.
Solution photophysical properties
The electronic absorption spectra of the [Ir( ppy) 2 6 ] are shown in Fig. 8 , and PL data are given in Table 5 . The iridium(III) complexes containing neutral, tpy-based ligands are orange or red Fig. S11 †), we were able to obtain the electroluminescent spectra for all the complexes and these are shown in Fig. 9 . Electroluminescence (EL) maxima are compared with PL data in [PF 6 ]. The transient luminance and driving voltage of these devices are depicted in Fig. 10 . For all three devices the turnon is very rapid, in part due to the pulsed current driving applied and in part due to the presence of the ionic liquids in the emitting layer. 41, 42 The voltage required to sustain the applied current density of 100 A m −2 decreases rapidly over the first few minutes. This demonstrates the reduction of the injection barrier for electrons and/or holes as the ions accumulate at the device interface. With increasing time, the voltage continues to decrease but at a slower speed. This coincides with a gradual decrease in the luminance with a similar slope as that observed for the voltage decrease. Hence, this is a signature of progression of the doped regions towards the interior of the emissive film. 43 This broadening of the doped regions leads to decreasing intrinsic film thickness. Hence, it requires a lower voltage to maintain the applied current density but also more excitons are quenched by the increased number of doping sites. The efficiency of the LECs is not very high, in spite of the reasonable PLQY observed for some of the complexes, measured in device configuration of iTMC : IL 4 : 1 molar ratio. This low efficiency indicates that the device performance is not optimal, and this is probably related to an imbalance in charge carriers.
Conclusions
We have prepared and characterized a series of [Ir(C^N) 2 (N^N)]-[PF 6 ] complexes in which the cyclometallating ligand, C^N, is either ppy − or dmppz − , and the N^N chelate is a tpy or a derivative thereof. Solution NMR spectroscopic data reveal that (i) the pendant pyridine ring of the coordinated tpy undergoes hindered rotation and (ii) in the [Ir( ppy) 2 (N^N)] + complexes, the non-coordinated N-donor of the pendant pyridine ring forms a non-classical hydrogen bond with a CH unit of one pyridine ring of an adjacent ppy − ligand. The single crystal structures of eight complexes have been elucidated, and confirm that a general feature is intra-cation face-to-face π-stacking of the non-coordinated pyridine ring of the tpy domain with the cyclometallated ring. In CH 2 Cl 2 , the complexes are orange or red emitters, with λ em max in the range 580 to 642 nm. Quantum yields are <10%, and the emission lifetimes range from 54 to 136 ns. LECs have been fabricated using the new Ir-iTMCs, and the emission spectra of the LECs are red-shifted with respect to the photoluminescence spectra of the corresponding complex in thin film configuration. For the device incorporating [Ir( ppy) 2 devices exhibited rapid turn-on times, but displayed relatively low efficiencies.
